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Abstract 
Background: In the last 50 years, the diversity of cattle breeds has experienced a severe contraction. However, in 
spite of the growing diffusion of cosmopolite specialized breeds, several local cattle breeds are still farmed in Italy. 
Genetic characterization of breeds represents an essential step to guide decisions in the management of farm animal 
genetic resources. The aim of this work was to provide a high-resolution representation of the genome-wide diversity 
and population structure of Italian local cattle breeds using a medium-density single nucleotide polymorphism (SNP) 
array.
Results: After quality control filtering, the dataset included 31,013 SNPs for 800 samples from 32 breeds. Our results 
on the genetic diversity of these breeds agree largely with their recorded history. We observed a low level of genetic 
diversity, which together with the small size of the effective populations, confirmed that several breeds are threatened 
with extinction. According to the analysis of runs of homozygosity, evidence of recent inbreeding was strong in some 
local breeds, such as Garfagnina, Mucca Pisana and Pontremolese. Patterns of genetic differentiation, shared ances-
try, admixture events, and the phylogenetic tree, all suggest the presence of gene flow, in particular among breeds 
that originate from the same geographical area, such as the Sicilian breeds. In spite of the complex admixture events 
that most Italian cattle breeds have experienced, they have preserved distinctive characteristics and can be clearly 
discriminated, which is probably due to differences in genetic origin, environment, genetic isolation and inbreeding.
Conclusions: This study is the first exhaustive genome-wide analysis of the diversity of Italian cattle breeds. The 
results are of significant importance because they will help design and implement conservation strategies. Indeed, 
efforts to maintain genetic diversity in these breeds are needed. Improvement of systems to record and monitor 
inbreeding in these breeds may contribute to their in situ conservation and, in view of this, the availability of genomic 
data is a fundamental resource.
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Background
Domestication of cattle occurred during the Neolithic 
agricultural revolution, about 8000  years ago, and was 
associated with dramatic modifications in the socio-eco-
nomic conditions of most human populations [1]. Cattle 
became the most relevant domestic species by their abil-
ity to supply meat and milk. Moreover, they assumed a 
role in social and religious ceremonies and games [2]. 
Artificial and natural selection, coupled with complex 
evolutionary background scenarios, have led to the crea-
tion of a large variety of breeds in terms of phenotypes 
that are well adapted to a wide range of environments and 
rearing systems, and to different production purposes 
[3]. In the last 50 years, the diversity of cattle breeds has 
experienced a severe contraction, mainly because of the 
massive worldwide adoption of a few highly productive 
breeds and intensive selection [4]. As a result, assess-
ing cattle genetic diversity represents an important step 
in the management of cattle breeding programs [5]. 
Thanks to the recent advent of high-throughput afford-
able genotyping techniques, fine genome-wide analysis 
of the genetic structure and relationships between cattle 
populations has become possible [3]. These technologies 
have opened new perspectives to livestock genetics, as 
part of both the genomic selection revolution in livestock 
industry and the introduction of genomic approaches in 
conservation programs for small and endangered popu-
lations [6]. In spite of the growing diffusion of the cos-
mopolite specialized breeds, several local cattle breeds 
and populations are still farmed in Italy. In the past, local 
cattle breeds were used as triple purpose animals (work, 
milk, and meat); then, depending on the region, the ani-
mal characteristics, and the geographical boundaries, 
they began to diverge into the present-day breeds [7]. 
Nowadays, most of these local breeds are fully adapted to 
a specific habitat or production system and represent a 
significant resource to satisfy present and future demands 
for sustainable farming in a changing environment [8]. 
Unfortunately, in some cases, only a few purebred rep-
resentatives of local breeds are available, thus highlight-
ing the need for implementing a national conservation 
strategy [9]. Towards this aim, detailed information on 
the genetic diversity and population structure of cattle 
breeds is needed to guide conservation decisions and 
the possible use of local cattle populations [4, 8, 10]. The 
genome-wide genetic diversity and population structure 
of Italian cattle breeds remain poorly studied compared 
to local breeds from other European countries, such as 
France [3], Spain [7, 11], Russia [12] and, in general, of 
other worldwide cattle breeds [8, 9, 13–15]. Only a few 
Italian breeds have been characterized using medium-
density single nucleotide polymorphism (SNP) arrays 
[16]. In accordance with the criteria defined by the Italian 
Breeders Association, there are 16 officially recognized 
cattle breeds in Italy, i.e. Agerolese, Burlina, Cabannina, 
Calvana, Cinisara, Garfagnina, Modenese, Modicana, 
Mucca Pisana, Pezzata Rossa d’Oropa, Pontremolese, 
Pustertaler, Sarda, Sardo-Bruna, Sardo-Modicana and 
Ottonese-Varzese. These breeds are characterized by 
a demographic contraction that, in some cases, is very 
severe. An official genealogical register is responsible for 
the safeguard and preservation of these breeds that are 
not included in any national selection program. Thus, 
the present study was undertaken to analyze the level of 
genetic diversity, population structure, admixture pat-
terns and relationships among 30 Italian cattle breeds 
using medium-density genome-wide SNPs. It represents 
the first comprehensive genome-wide analysis of Italian 
cattle diversity. The genomic characterization of these 
breeds is a first step towards the development of appro-
priate breeding strategies.
Methods
Sample collection and genotyping
Genomic DNA was isolated using a salting-out protocol 
from buffy coats of nucleated cells that were obtained 
from whole-blood withdrawn from the jugular vein using 
EDTA-containing tubes [17]. The DNA concentration 
was assessed with a NanoDrop ND-1000 spectrophotom-
eter (NanoDrop Technologies, Wilmington, DE).
A total of 814 animals (10  to 43 per breed) belonging 
to 30 Italian cattle breeds (Agerolese, Barà-Pustertaler, 
Burlina, Cabannina, Calvana, Chianina, Cinisara, Garf-
agnina, Italian Brown, Italian Holstein, Italian Simmental, 
Marchigiana, Maremmana, Modenese, Modicana, Mucca 
Pisana, Pezzata Rossa d’Oropa, Piedmontese, Pinzgau, 
Podolica, Pontremolese, Pustertaler, Reggiana, Rendena, 
Romagnola, Rossa Siciliana, Sarda, Sardo-Bruna, Sardo-
Modicana and Ottonese-Varzese) were selected. In addi-
tion, two cosmopolitan breeds reared in Italy (Charolais 
and Limousin) were included because they are used for 
cross-breeding with local breeds. Thus, they are relevant 
to study the genetic relationships between Italian breeds. 
For a short description of each breed included in this 
study (see Additional file 1). For sampling representative-
ness, we selected for each breed unrelated or minimally-
related subjects, which were sampled from different 
farms that cover the usual rearing area. The number of 
samples and the breed origin of the genotyping data are 
provided in Additional file 2: Table S1 and the geographi-
cal origin of the breeds is illustrated in Fig. 1.
For all animals, genotyping data from the Illumina 
BovineSNP50 v2 BeadChip array were collected for the 
analysis. The genotypes of several local breeds were 
generated within the frame of this study, whereas for 
some breeds, data were derived in previous studies (see 
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Additional file  2: Table  S1). PLINK [18] was used to 
merge the genotyping data and to conduct quality con-
trol tests. In total, 42,561 SNPs were available before fil-
tering. The dataset was filtered to remove animals with 
more than 10% missing genotypes, and to exclude non-
autosomal SNPs, SNPs with a call rate lower than 98% 
and with a minor allele frequency (MAF) lower than 0.05. 
After filtering, 31,013 SNPs remained for the analyses on 
800 samples from 32 cattle breeds reared in Italy.
Genetic diversity indices
PLINK [18] was also used to estimate observed  (Ho) and 
expected  (He) heterozygosity, the genomic inbreeding, 
which is based on the difference between the observed 
and expected numbers of homozygous genotypes (FHOM), 
and average MAF (≥ 0.05). Historical and recent effective 
population sizes  (Ne) for each breed were estimated with 
the SNeP package [19], which is based on the relation-
ship between linkage disequilibrium (LD),  Ne and recom-
bination rate. The contemporary effective population 
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Fig. 1 Geographic origin of the analyzed local Italian cattle breeds. Northern (green), Northern-central (orange), Podolian-derived (red) and 
Southern and islands (blue) breeds. For full definition of breeds (see Additional file 2: Table S1)
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size  (cNe) was calculated with  NEESTIMATOR v. 2 [20], 
which is based on the random mating model of the LD 
method [21]. Genotyping data were phased by using the 
Beagle 3.0.4 package [22], according to Isi-Touru et  al. 
[23]. Expected heterozygosity  (He_hap) for the haplo-
types for each breed was estimated using the R package 
ADEGENET [24].
Detection of runs of homozygosity
Runs of homozygosity (ROH) were estimated within 
each breed using PLINK [17] by applying the following 
parameters and thresholds to define a ROH: (1) the min-
imum size of a ROH was set to 40 SNPs; (2) the mini-
mum lengths of a ROH were set to 4, 8 and 16 Mb; (3) a 
maximum of one SNP with missing genotypes and up to 
one heterozygous genotype were allowed in a ROH; (4) 
a minimum density of one SNP per 100  kb; and (5) the 
maximum gap between consecutive homozygous SNPs 
was set to 1 Mb. The ROH-based inbreeding coefficient 
(FROH) was calculated for each animal using the method 
proposed by McQuillan et al. [25], which divides the total 
length of all ROH in the genome of an individual by the 
length of the autosomal genome covered by SNPs on the 
chip (2541.17  Mb). We calculated three genomic coef-
ficients, FROH>4Mb, FROH>8Mb, and FROH>16Mb, based on a 
minimum ROH length of 4, 8, or 16 Mb, respectively.
Population genetic structure and admixture
Pairwise genetic relationships were estimated using a 
matrix of genome-wide identity-by-state (IBS) genetic 
distances calculated by PLINK [18] and plotted using a 
multidimensional scaling (MDS) plot. In addition, to 
investigate more finely the relationships between Italian 
and European cattle breeds, we also performed a sepa-
rate MDS analysis by combining our genotyping data 
with those of 62 European cattle breeds [26]. Population 
structure was inferred by applying the model-based clus-
tering algorithm implemented in ADMIXTURE [27]. We 
estimated the most likely number of populations with 
the cross-validation procedure. We calculated the Rey-
nold’s genetic distances with ARLERQUIN [28] and used 
them to construct a Neighbor-Net graph with SPLIT-
STREE [29]. Pairwise estimates of FST were obtained 
with GENEPOP software [30]. To test the correlations 
between genetic (FST and Reynold’s genetic distances) 
and geographical distances between breeds, a Mantel test 
was performed [24]. We used the coordinates of longi-
tude and latitude of the center of origin for each breed to 
define the geographical localization (see Additional file 2: 
Table S1). The geographical distances between each pair 
of breeds were computed using distm function in the R 
package GEO-SPHERE (http://cran.r-proje ct.org/web/
packa ge/geosp here/). Finally, historical relationships 
and admixture between the considered populations were 
inferred using the f3 and f4 tests implemented in TREE-
MIX [31], which reconstructs a maximum likelihood tree 
for the populations based on genome-wide allele frequen-
cies, and then attempts to infer a number of admixture 
events (edges) to better explain the observed data. The 
number of admixture events (E) tested ranged from 0 to 
10, and the value of E that had the highest log-likelihood 
was selected as the most predictive model. We then per-
formed the f3 and f4 tests implemented in the TREEMIX 
computer package. In particular, we used the f3-statistics 
(A, B, C) to determine if A was derived from the admix-
ture of populations B and C, and the f4-statistics [(A, B) 
(C, D)] to test the validity of a hierarchical topology in 
four-population trees.
Results
Genetic diversity indices
Genetic diversity parameters are in Table  1.  Ho and 
 He ranged from 0.297 ± 0.194 (Pontremolese) to 
0.358 ± 0.167 (Piedmontese) and from 0.267 ± 0.187 
(Mucca Pisana) to 0.353 ± 0.137 (Sarda), respec-
tively. Mucca Pisana showed the lowest mean MAF 
(0.200 ± 0.162), whereas the Sarda breed showed 
the highest mean MAF (0.267 ± 0.139). The high-
est average FHOM were obtained for the Pontremolese 
(0.195 ± 0.101) and Mucca Pisana (0.183 ± 0.058) breeds, 
whereas the lowest FHOM was obtained for the Sarda 
breed (0.006 ± 0.063). Estimated  He based on haplotype 
data  (He_hap) was higher than that based on genotype 
data and ranged from 0.323 ± 0.040 (Mucca Pisana) to 
0.395 ± 0.003 (Piedmontese), with several Podolian-
derived breeds (Calvana, Romagnola, Maremmana and 
Chianina) having intermediate values (< 0.360). The two 
 He estimates were correlated (r = 0.95, p value < 0.001). 
Estimated  Ne at t generations ago (from 13 to 98) are in 
Additional file  3: Figure S1. As expected,  Ne decreased 
progressively across generations.  Ne was less than 150 
for all breeds at 13 generations ago, except for the Sarda 
breed  (Ne = 152). The variation in  Ne across generations 
was smallest for Mucca Pisana, Pontremolese and Garf-
agnina, for which the estimated recent  Ne (13 generations 
ago) were less than 40. Ancestral populations of the con-
temporary Sarda, Cinisara and Podolica breeds exhibited 
considerably larger  Ne values, with the largest histori-
cal  Ne values. We also inferred the size of  cNe for each 
breed (Table  1), with Pontremolese and Mucca Pisana 
having the smallest  cNe (less than 10) and Sardo-Bruna 
the largest  cNe (1021). Pearson correlations between 
genetic diversity indices for SNPs are in Additional file 4: 
Table S2. As expected, correlations between  Ho,  He and 
MAF were high (> 0.90, p value < 0.001), whereas the cor-
relations between these parameters and  cNe were quite 
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low (~ 0.150). Recent and historical  Ne estimates were 
not correlated with  cNe but moderately correlated with 
 Ho,  He and MAF (up to 0.810, p value < 0.001).
Runs of homozygosity
Individual genomic inbreeding was evaluated using ROH 
data. The distributions of the three ROH inbreeding 
coefficients (FROH>4 Mb, FROH>8 Mb, and FROH>16 Mb) are in 
Fig.  2. FROH values decreased with increasing minimum 
length of the ROH. ROH coverage in the genome differed 
considerably among breeds, with the highest mean values 
of FROH across all ROH length categories observed for the 
Garfagnina, Mucca Pisana and Pontremolese breeds. In 
particular, the Pontremolese breed had more than 10% of 
the genome covered by ROH in all length categories, and 
more than 16% by ROH longer than 4  Mb. In contrast, 
medium and low FROH were found for the other breeds, 
which is consistent with their larger  Ne and moderate 
inbreeding (FHOM). The breeds with the lowest levels of 
inbreeding included Piedmontese and Rossa Siciliana. 
However, the large standard deviation values indicated 
high variability in autozygosity levels within each breed.
FHOM and FROH>4Mb were highly correlated (0.918, p 
value < 0.001) and FROH>4Mb was also negatively correlated 
with recent and historical  Ne (~ − 0.74, p value < 0.001). 
The relationship between the number of ROH and the 
extent of the genome with ROH longer than 4  Mb per 
individual are in Additional file 5: Figure S2. The patterns 
Table 1 Genetic diversity indices for the analyzed Italian cattle breeds
Observed  (Ho) and expected  (He) heterozygosity,  (He_hap) expected heterozygosity based on the haplotypes, average minor allele frequency (MAF), inbreeding 
coefficient (FHOM), contemporary effective population size  (cNe) and standard deviation (SD)
Breed Ho ± SD He ± SD He_hap ± SD MAF ± SD FHOM ± SD cNe
Agerolese 0.346 ± 0.176 0.338 ± 0.150 0.372 ± 0.020 0.255 ± 0.145 0.058 ± 0.051 13.6
Bara’-Pustertaler 0.349 ± 0.167 0.342 ± 0.145 0.378 ± 0.021 0.258 ± 0.143 0.051 ± 0.055 31.5
Burlina 0.353 ± 0.169 0.344 ± 0.147 0.377 ± 0.017 0.261 ± 0.143 0.041 ± 0.044 38.0
Cabannina 0.347 ± 0.174 0.336 ± 0.151 0.378 ± 0.013 0.254 ± 0.146 0.056 ± 0.032 35.0
Calvana 0.307 ± 0.198 0.294 ± 0.175 0.334 ± 0.024 0.221 ± 0.158 0.167 ± 0.063 33.5
Charolais 0.353 ± 0.166 0.346 ± 0.144 0.377 ± 0.015 0.262 ± 0.142 0.039 ± 0.066 67.8
Chianina 0.327 ± 0.177 0.323 ± 0.158 0.357 ± 0.016 0.242 ± 0.149 0.111 ± 0.048 118.3
Cinisara 0.343 ± 0.155 0.348 ± 0.141 0.379 ± 0.027 0.263 ± 0.140 0.068 ± 0.070 55.5
Garfagnina 0.312 ± 0.199 0.300 ± 0.177 0.329 ± 0.019 0.226 ± 0.158 0.151 ± 0.053 23.6
Italian Brown 0.307 ± 0.187 0.299 ± 0.171 0.335 ± 0.013 0.223 ± 0.154 0.166 ± 0.033 44.5
Italian Holstein 0.344 ± 0.171 0.338 ± 0.154 0.361 ± 0.014 0.256 ± 0.148 0.064 ± 0.036 60.4
Italian Simmental 0.340 ± 0.168 0.332 ± 0.152 0.368 ± 0.009 0.249 ± 0.145 0.079 ± 0.023 80.7
Limousin 0.345 ± 0.177 0.335 ± 0.152 0.375 ± 0.010 0.253 ± 0.146 0.062 ± 0.024 468.9
Marchigiana 0.339 ± 0.173 0.333 ± 0.151 0.374 ± 0.009 0.250 ± 0.145 0.078 ± 0.023 161.5
Maremmana 0.325 ± 0.192 0.311 ± 0.167 0.357 ± 0.019 0.234 ± 0.154 0.118 ± 0.049 20.3
Modenese 0.341 ± 0.174 0.332 ± 0.153 0.372 ± 0.018 0.251 ± 0.147 0.073 ± 0.045 22.8
Modicana 0.329 ± 0.171 0.328 ± 0.156 0.363 ± 0.025 0.247 ± 0.148 0.105 ± 0.067 69.1
Mucca Pisana 0.301 ± 0.225 0.267 ± 0.187 0.317 ± 0.023 0.200 ± 0.162 0.183 ± 0.058 8.7
Pezzata R. D’oropa 0.333 ± 0.178 0.327 ± 0.158 0.362 ± 0.021 0.246 ± 0.149 0.096 ± 0.054 28.3
Piedmontese 0.358 ± 0.167 0.347 ± 0.141 0.390 ± 0.003 0.262 ± 0.141 0.027 ± 0.011 565.2
Pinzgau 0.349 ± 0.174 0.337 ± 0.151 0.376 ± 0.012 0.254 ± 0.145 0.051 ± 0.030 44.3
Podolica 0.343 ± 0.157 0.349 ± 0.140 0.377 ± 0.029 0.264 ± 0.140 0.066 ± 0.073 110.2
Pontremolese 0.297 ± 0.194 0.292 ± 0.176 0.323 ± 0.040 0.218 ± 0.157 0.195 ± 0.101 7.2
Pustertaler 0.339 ± 0.185 0.323 ± 0.161 0.369 ± 0.011 0.243 ± 0.151 0.078 ± 0.028 26.6
Reggiana 0.346 ± 0.175 0.336 ± 0.150 0.374 ± 0.015 0.253 ± 0.145 0.059 ± 0.040 101.2
Rendena 0.332 ± 0.178 0.325 ± 0.158 0.362 ± 0.010 0.244 ± 0.149 0.096 ± 0.024 527.5
Romagnola 0.325 ± 0.184 0.317 ± 0.163 0.356 ± 0.011 0.238 ± 0.151 0.117 ± 0.026 265.8
Rossa Siciliana 0.356 ± 0.166 0.345 ± 0.143 0.388 ± 0.009 0.261 ± 0.141 0.032 ± 0.023 33.3
Sarda 0.346 ± 0.151 0.353 ± 0.137 0.377 ± 0.025 0.267 ± 0.139 0.060 ± 0.063 62.2
Sardo-Bruna 0.338 ± 0.193 0.334 ± 0.153 0.367 ± 0.034 0.252 ± 0.147 0.082 ± 0.086 1021.3
Sardo-Modicana 0.344 ± 0.168 0.338 ± 0.149 0.378 ± 0.013 0.255 ± 0.145 0.065 ± 0.031 54.8
Varzese-Ottonese 0.351 ± 0.160 0.343 ± 0.145 0.381 ± 0.028 0.259 ± 0.142 0.046 ± 0.071 31.0
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of ROH profiles differ among breeds. Most of the ani-
mals had between 1 and 20 ROH and less than 200 Mb of 
their genome were covered by ROH. For several breeds, 
such as Italian Brown and Mucca Pisana, some animals 
displayed a larger number of ROH (from 20 to 40) with 
a total length of 200  to  400  Mb. We also found some 
extreme animals (Pontremolese, Varzese-Ottonese and 
Mucca Pisana) with more than 600  Mb of their auto-
somes covered by ROH, which is equivalent to almost 
one-fourth of their genome. Differences existed also in 
the within-breed size. The distribution of the size of ROH 
also varied within breeds (see Additional file  6: Figure 
S3) and several individuals had a single ROH longer than 
60 Mb.
Population genetic structure and admixture among Italian 
breeds
We used an MDS plot of the pairwise IBS distances to 
compare the Italian cattle breeds (Fig. 3). The first dimen-
sion (C1) distinguished the three Sicilian (Cinisara, Rossa 
Siciliana, Modicana) and the Podolian-derived breeds 
(Romagnola, Marchigiana, Chianina, Calvana, Marem-
mana and Podolica) from the other breeds (right side 
of the plot). Moreover, the Sardo-Modicana breed was 
positioned in the same area. The Northern and North-
ern-central Italian populations formed a distinct group, 
which was clearly separated from the Sicilian and the 
Podolian-derived breeds on the first axis. The Burlina 
and Pinzgau were genetically differentiated and posi-
tioned a little further from the breeds from Northern 
Italy and near the Italian Holstein (at the top left of the 
plot), while the other breeds (Piedmontese, Pustertaler, 
Barà-Pustertaler, Rendena, Pezzata Rossa d’Oropa, Reg-
giana, Modenese, Varzese-Ottonese, Cabannina and 
Pontremolese), overlapped in a single cluster. This cluster 
also included the Sardo-Bruna, Italian Simmental and the 
two commercial meat breeds. The Garfagnina appeared 
as a distinct cluster and was positioned between the two 
principal clusters. Some Sarda animals clustered with 
Garfagnina, whereas others were mixed with the North-
ern and Northern-central Italian populations, and in par-
ticular with Piedmontese. The results also indicated that 
Mucca Pisana was isolated from the other breeds reared 
in Tuscany. The second dimension C2 clearly separated 
two other non-overlapping breeds, Italian Holstein and 
Italian Brown. Finally, among all the analyzed breeds, 
Agerolese showed a more spread out cluster, with some 
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Fig. 2 Box plot of the inbreeding coefficients inferred from runs of homozygosity (FROH) defined by different minimum ROH lengths (> 4, > 8 
and > 16 Mb) for each cattle population according to their geographical distributions. Northern (green), Northern-central (orange), Podolian-derived 
(red), Southern and islands (blue), and commercial (violet) breeds. For a full definition of breeds (see Additional file 2: Table S1)
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animals positioned near the Italian Simmental and Italian 
Brown breeds.
We tested admixture among breeds and groups of 
breeds by model-based clustering. The ADMIXTURE 
plots showed the results for K ranging from 2 to 32 (Fig. 4 
and see Additional file 7: Figure S4). The first split (K = 2) 
differentiated Calvana and Italian Brown from all other 
breeds. Additional breed-specific clusters were observed 
at K = 4, i.e. Mucca Pisana and Italian Holstein, and at 
K = 8, i.e. Italian Simmental, Garfagnina, Pontremolese 
and Modicana (Fig. 4).
When K increased from 8 to 32, breeds were progres-
sively assigned to separate clusters: Rendena and Marem-
mana at K = 12, Romagnola and Pustertaler at K = 16, 
Pinzgau and Burlina at K = 20 (see Additional file  7: 
Figure S4). The most probable number of populations 
present in the total sample, as suggested by the ADMIX-
TURE cross-validation procedure was K = 24 (see Addi-
tional file  8: Figure S5), since at this value, each breed 
formed a distinct cluster although there was some vari-
ation. In fact, several breeds (Barà-Pustertaler, Varzese-
Ottonese, Piedmontese, Cabannina, Podolica, Agerolese, 
Cinisara, Rossa Siciliana, Sarda, Sardo-Bruna, and Lim-
ousin) showed less distinct clusters. The same trend was 
also observed at K = 28 and 32 (see Additional file 7: Fig-
ure S4). The Neighbor-Net graph, which was constructed 
based on Reynold’s genetic distances between pairs of 
breeds, showed another picture of the genetic relation-
ships among the analyzed breeds (Fig. 5). Consistent with 
the MDS plot, the Neighbor-Net graph shows several 
clear clusters and relationships between breeds, i.e. Ital-
ian Brown, Agerolese and Sardo-Bruna; Podolian-derived 
breeds; Sicilian breeds and Sardo-Modicana; and Burlina, 
Pinzgau, Pustertaler and Italian Holstein formed clear 
sub-branches. The shortest and longest branches were 
observed for Sarda and Mucca Pisana, respectively, which 
is consistent with the genetic diversity results (Table 1).
Details of the level of pairwise genetic differentiation 
are in Additional file 9: Table S3. Based on the pairwise 
FST among all the populations, Mucca Pisana was again 
the most divergent breed. In general, for some breeds, 
FST was not found to be a proxy for geographic distance. 
For example, FST was highest between two Tuscany 
breeds, Mucca Pisana and Pontremolese, (FST = 0.222) 
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and lowest between Sarda and Sardo-Bruna (FST = 0.016). 
To test the correlations between genetic (FST and Rey-
nold’s genetic distances) and geographical distances, we 
performed a Mantel test. The results showed no concord-
ance between FST and geographical distances among all 
breeds (r = − 0.073, p value = 0.75) (see Additional file 10: 
Figure S6), even after removing the commercial breeds 
(Charolais, Limousin, Italian Brown, Italian Holstein and 
Simmental) (r = − 0.160, p value = 0.94). When only the 
Sicilian breeds were considered, the correlation increased 
but remained statistically non-significant (r = 0.979, p 
value = 0.33). We also conducted a Mantel test between 
Reynold’s genetic distances and geographical distances 
among breeds but again, no correlation was observed 
(r = − 0.078, p value = 0.78).
The TREEMIX results highlighted several admixture 
events (Fig. 6) with most of them being expected based 
on the history of the breeds, such as admixture between 
Italian Holstein and Agerolese, between the group Cal-
vana/Chianina and Mucca Pisana, between Italian Hol-
stein and Pinzgau, between Pezzata Rossa d’Oropa and 
Pustertaler, between the group Agerolese/Italian Brown/
Sardo-Bruna and Sarda, between the group Modicana/
Rossa Siciliana and Cinisara, between Pinzgau and Pus-
tertaler. Some admixture events were less obvious, e.g. 
between the Italian Holstein/Burlina and Charolais 
group, between the Italian Simmental/Pezzata Rossa 
d’Oropa group and the Rendena/Piedmontese/Charolais 
group. Finally, we detected a basal admixture event that 
involved several breeds from Central and Southern Italy 
(Chianina, Calvana, Marchigiana, Romagnola, Marem-
mana and Podolica) and from Sicily and Sardinia (Sardo-
Modicana, Modicana, Rossa Siciliana, Cinisara and 
Sarda). Results from the f3 test highlighted clear signs of 
admixture between Rossa Siciliana and Modicana (see 
Additional file 11: Table S4). The admixed nature of Rossa 
Siciliana was also supported by the f4 test (see Additional 
file 12: Table S5) that highlighted a clear gene flow with 
Modicana, Sardo-Modicana and Cinisara (significant 
negative Z values) and with Limousin (significant positive 
Z values).
Relationships between European cattle breeds
To investigate the genetic relationships between Italian 
and European cattle breeds, we performed an MDS anal-
ysis using a combined dataset that included 32,115 SNPs 
and 1437 individuals (see Additional file  13: Figure S7). 
The second dimension C2 differentiated the Sicilian and 
Podolian-derived breeds from all other Italian breeds. 
Turkish breeds cluster with Sicilian and Podolian-derived 
breeds and Northern and Northern-central Italian popu-
lations were much closer to several French, German and 
Switzerland breeds. The Spanish breeds were positioned 
between the Northern/Northern-central and the Sicilian/
Podolian-derived breeds. The first dimension C1 sepa-
rated all the aforementioned breeds from the other Euro-
pean breeds included in this study.
Discussion
Improving our knowledge about the within-breed diver-
sity and the between-breed relationships and structure 
in cattle is fundamental for improving selection designs 
and breeds, understanding environmental adaptation, 
enhancing efficient use of the breeds and implementing 
conservation programs [32, 33]. With the development of 
high-throughput genotyping technologies, analyzing the 
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genetic structure of livestock species has become feasible. 
However, to date, much of the effort has been devoted 
to dominant commercial breeds, with local breeds gen-
erally poorly studied [34], although they can represent 
outstanding genetic resources for the local economy. 
This study investigated the genome-wide structure of 30 
Italian local cattle and two cosmopolitan breeds using 
medium-density genome-wide SNPs. Except for a very 
few breeds (e.g. Valdostana), we were able to sample all 
the local cattle breeds reared in Italy and officially recog-
nized. Therefore, our analysis concerns the largest and 
most complete dataset available for Italian cattle breeds.
Genetic diversity
Although homozygosity may be overestimated for 
populations that were not included in the design of the 
SNP array (ascertainment bias) [13], the Illumina set of 
50 K SNPs was highly informative for all the Italian cat-
tle breeds analyzed here. Heterozygosity values, poly-
morphism levels and recent and historical  Ne estimates 
were very consistent. Average MAF were homogeneous 
among the breeds, and, on average, SNPs were equally 
informative for all breeds, which is consistent with previ-
ous observations [13], even if at the individual level, the 
MAF of SNPs can vary considerably. The  He and MAF 
values obtained in our study agree with the range of val-
ues that was reported in a study on the development and 
characterization of a medium-density SNP genotyping 
assay for cattle [13], and are similar to those observed 
in other European breeds [3] using the same SNP geno-
typing assay. This finding is likely due to the effect of 
the European ancestry of Italian cattle breeds [3]. We 
Fig. 5 Relationship between breeds based on the Reynold’s genetic distance. An allele frequency-dependent distance metric (Reynolds) was used 
to construct a Neighbor-Net graph that relates the breeds. Names of breeds are colored according to their geographical distributions as described 
in Fig. 2. For a full definition of breeds (see Additional file 2: Table S1)
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observed a decline in  Ne with time in all breeds, as previ-
ously reported for other cattle breeds [4, 12, 23]. In fact, 
estimated trends in  Ne indicate that, in the past, the  Ne 
of Italian cattle breeds was large. The size of  cNe differed 
among breeds, and several Italian breeds displayed small 
values, which is consistent with their low genetic diver-
sity and high genomic inbreeding coefficients. In agree-
ment with our results, small  cNe were reported also for 
Iranian native cattle breeds [35] (from 13 to 107) and 
the Belgian Campine breed [36]. In the last 50  years, 
the number of individuals of these latter breeds has 
decreased dramatically, as is the case for Italian local 
breeds. With such small  cNe, their inbreeding rate has 
increased markedly until recently, as shown by the detec-
tion of long ROH in several local Italian breeds. The 
small  cNe inferred for most of the Italian local breeds, as 
well as the low values of their genetic diversity indices, 
may be also a consequence of population bottlenecks that 
occurred due to the geographic isolation of some farms 
and the reduced interest of breeders for these breeds [37]. 
In contrast, the Sarda breed had a larger  Ne at all genera-
tions, and the Sardo-Bruna had the largest  cNe, which is 
probably due to admixture within these two breeds and 
crossbreeding with other cattle breeds. In general, strong 
selection pressures and use of artificial insemination (AI) 
are the main causes of small  Ne in livestock. In local cat-
tle breeds, selection pressure is usually very weak and 
AI is almost absent, but conversely, uncontrolled mating 
of related animals is common, and thus inbreeding and 
low genetic diversity are the most likely cause of their 
small  Ne [37]. No correlation was found between  cNe 
and recent and historical  Ne estimated 13, 20 and 80 gen-
erations ago. Estimates of  Ne vary a lot with the method 
used [38]. Moreover, it should be emphasized that these 
estimates can be strongly biased when the sample size is 
small, probably because of the LD generated by the sam-
pling process [33]. Actually, none of the formulas pro-
posed to date for estimating  Ne from LD provide reliable 
predictions [39], probably because they all rely on simpli-
fications or assumptions. Therefore, these estimates (in 
particular the  cNe) must be considered with care, even 
more so when the sample size is less than 15 animals [35]. 
Anyway, our results are in agreement with other studies 
in cattle [4, 23].
Across all the breeds analyzed here, generally, the 
cosmopolitan breeds (Italian Holstein, Brown and 
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Simmental, Limousin and Charolais) showed moder-
ate levels of genetic diversity. Moreover, although some 
breeds (Rossa Siciliana, Sardo-Bruna, Sardo-Modicana, 
Agerolese) are endangered or have a small census popula-
tion size, they did not show signals of low levels of genetic 
diversity. ROH analysis and  Ne values corroborated these 
results, likely because of their admixed origins. How-
ever, the levels of polymorphism and genetic variability 
were lower in Pontremolese and Mucca Pisana than in 
all other breeds. These results are as expected since these 
two breeds experienced a stronger reduction in numeri-
cal size in the second half of the 20th century. Currently, 
the Pontremolese population includes less than 30 cows 
and the Mucca Pisana population is composed of nearly 
200 cows. In both cases, the number of bulls is very small 
(2 and 10 for Pontremolese and Mucca Pisana, respec-
tively). The low genetic variability observed for these 
breeds agrees with the theoretical expectation for popu-
lations, which have undergone a severe bottleneck [40]. 
Genetic diversity is an intrinsic factor that influences the 
adaptive capacity and resilience of populations. This low 
genome-wide genetic variability in these two breeds, as 
that observed in other local breeds, may be also related 
with a lower adaptation potential, which could represent 
a threat to their long-term persistence [33]. Therefore, 
our findings raise the possibility of a risk for the genetic 
diversity of Italian local cattle breeds, and the decrease in 
 Ne should be taken into account and monitored.
Runs of homozygosity
Abundant genome-wide SNPs are particularly suitable 
for detecting genomic regions with reduced heterozygo-
sity and, recently, an alternative method called runs of 
homozygosity (ROH) was implemented [41]. Currently, 
ROH-based F estimates (FROH) are considered one of the 
most powerful approaches to detect inbreeding effects 
[42] and may also reveal recent population bottlenecks 
or signatures of directional selection [25, 43]. Because 
the parameters used to detect ROH vary among analyses, 
it is not easy to compare results from different studies 
on ROH. Moreover, ROH have rarely been estimated in 
local breeds. Notwithstanding, our results are in agree-
ment with the values reported in other studies on cattle 
[4, 44–46]. Analysis of individual ROH may be useful for 
conservation programs, since animals that have high lev-
els of ROH, as observed in some Pontremolese, Varzese-
Ottonese and Mucca Pisana animals, could be excluded 
or assigned lower priority for mating purposes in endan-
gered populations, to minimize the loss in genetic diver-
sity and maintain or increase  Ne [47]. The length of ROH 
represents an important source of information on past 
and present demographic and genetic processes that 
shape the genetic diversity of livestock species [48]. Since 
recombination events split long chromosome segments, 
long ROH are a consequence of recent inbreeding. In 
contrast, short ROH are indicative of relatedness dat-
ing back to more ancient times [49], which are in most 
cases not considered in an individual’s recorded pedi-
gree. Thus, under the assumption that 1  cM = 1  Mb, a 
minimum ROH length of 4, 8 or 16 Mb implies a com-
mon ancestor 12, 6 or 3 generations ago, respectively [6]. 
Thus, analyses that are carried out with ROH of differ-
ent lengths allow us to estimate the distance between the 
current and base populations, and provide information 
on the age of inbreeding [4]. Generally, all breeds showed 
long ROH, but for some local breeds (such as Varzese-
Ottonese, Calvana, Pontremolese, Mucca Pisana) their 
number increased. These results are also corroborated 
by the higher FROH>16Mb obtained for Garfagnina, Mucca 
Pisana and Pontremolese. Therefore, strong evidence of 
recent inbreeding (3 generations ago) exists for these Ital-
ian breeds, due to the decrease in their  Ne. In fact, iso-
lation of breeds with a small population size increases 
the probability that identical segments are inherited. It is 
likely that the long ROH are also signatures of the exten-
sive use of a few bulls within herds and of mating among 
relatives. If long ROH accumulate in the genome of some 
individuals, they could seriously impact the overall bio-
logical fitness [50]. Indeed, long ROH can be enriched in 
genomic regions that carry deleterious mutations, and 
Kim et  al. [51] showed that a strong relationship exists 
between the proportion of ROH in the genome and the 
number of individuals that carry deleterious homozygous 
mutations. Hence, the ROH levels estimated in our study 
may be informative to better understand the inbreeding 
history of the breeds analyzed. For example, this con-
sideration is consistent with the management strategies 
known for the Pontremolese breed and its demographic 
decline that was reported ~ 30  years ago [52]. Similar 
results were also reported in Spanish goats, in which the 
most abundant and long ROH were identified in breeds 
that are at the verge of extinction [50]. On the contrary, 
the high FROH and low  Ne values observed for the Italian 
Brown breed can be ascribed to the intense use of a small 
number of (closely related) bulls for artificial insemina-
tion. More generally, these results highlight that both 
ancient and recent inbreeding have impacted the genome 
of Italian cattle breeds and that several local breeds, in 
particular the four autochthonous cattle breeds of Tus-
cany (Pontremolese, Garfagnina, Mucca Pisana and 
Maremmana), have probably not undergone recent 
extensive crossbreeding since the long ROH in their 
genomes have not been broken down [47]. This scenario 
probably reflects practices in the management of breeds 
with less controlled breeding that do not always prevent 
crosses between related animals, although they deserve 
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special attention and conservation efforts. On the con-
trary, the limited occurrence of long ROH in Piedmon-
tese indicates that this breed has benefited from proper 
breed management and has a sufficiently large  Ne and 
thus a low degree of recent consanguinity. Therefore, we 
conclude that the genetic diversity indices, the effective 
population size and the genomic inbreeding levels were 
congruent with the protection status of the local Italian 
cattle breeds based on their reduced demographic size. 
The results also reflect the need to implement conserva-
tion programs, in particular for the breeds with a limited 
distribution.
Population structure and admixture
Determination of the structure and the genetic relation-
ships of a population has proven useful in conserva-
tion programs and for developing suitable management 
practices [4, 15, 32–35]. To understand these aspects, 
we carried out an MDS and ADMIXTURE analysis, 
inferred TREEMIX ancestry graphs, calculated the Rey-
nold’s genetic distances and the pairwise estimates of FST 
for the Italian local cattle breeds. Except for Podolian-
derived breeds, the MDS grossly separated the breeds 
according to their genetic origin and/or to their geo-
graphical proximity between breeding areas. A previous 
study on breeds (Calvana, Chianina and Maremmana) 
reared in the ancient Etruria region (Tuscany, Central 
Italy), reported that they are genetically closer to Near 
Eastern than to European genetic stocks [53]. This orien-
tal genetic signature was observed also in modern Tus-
can human populations, which have been shown to be 
genetically close to Anatolian and Middle Eastern human 
populations [53]. To better understand the genetic rela-
tionships between Italian cattle breeds, by considering 
the possible connections with breeds/populations that 
are presumed to have contributed to the shaping of the 
current genetic background of some of them, we per-
formed an additional MDS analysis among Italian and 
European cattle breeds. Clustering of the breeds is gen-
erally consistent with their geographical origin. The 
Northern Italian breeds are much closer to several Euro-
pean breeds than to other Italian breeds, which indicates 
a contribution of continental European ancestry in the 
formation of these Italian cattle breeds. Another obser-
vation was that, even on the European scale, populations 
of the same major commercial breeds cluster together, 
e.g. Italian Holstein and European Holstein, and Ital-
ian Brown and Brown Swiss. Moreover, our results are 
consistent with those of a mtDNA study [53], which 
showed that the Turkish breeds (such as the Anatolian 
Black breed), clustered with the Tuscany (particularly 
with Calvana and Chianina) and the Cinisara breeds. The 
observed separation between Podolian-derived breeds 
and Northern Italian populations corroborates previous 
studies on the genetic relationship of some local Italian 
cattle breeds using blood group systems and blood pro-
teins [54]. Our results were also corroborated by a recent 
study on mtDNA variation in different Podolian breeds 
[55], which revealed a genetic proximity between the Ital-
ian Podolian-derived and the Turkish breeds. Their find-
ings also show that, generally, the values of haplotype 
diversity indices were lower in some Italian Podolian-
derived (Calvana, Podolica and Maremmana) than in 
non-Podolian breeds, which is consistent with our results 
of  He_hap.
The presence of a general North–South distribution 
of the genetic diversity along the Italian Peninsula was 
highlighted and confirmed by the low genetic differen-
tiation (FST) among some local breeds from the same 
geographic area, such as between Sarda and Sardo-
Bruna or among the Sicilian breeds. Previously, a simi-
lar geographical pattern was described by using a 
medium-density SNP array in Italian goat [56] and 
sheep breeds [57]. Our results did not show any obvi-
ous relationship between the patterns of clustering and 
the productive aptitude of Italian cattle breeds, con-
trary to what was reported for sheep breeds [57]. 
Moreover, no significant correlation between genetic 
differentiation and geographical distances was 
observed for Italian cattle breeds. Traspov et  al. [58] 
showed that, in local pig breeds, there was no geo-
graphical gradient of the distribution of their genetic 
variability and suggested that, even for breeds that had 
close geographical origins (as was the case for the 
Mucca Pisana and Pontremolese breeds in our study), 
the implemented breeding schemes led to a high 
genetic differentiation. Moreover, similar results were 
also observed in pig populations from America [59], 
which are probably the consequence of complex 
genetic histories. Therefore, these results confirm that 
the admixture between geographically distant popula-
tions could be a major force in breaking regional 
genetic-geography concordance [60]. Although the 
Northern and Northern-central Italian populations 
have different demographic histories and different 
breeding goals, our results show that they overlap in a 
cluster and they cannot be easily discriminated; fur-
thermore, their MDS coordinates identified only small 
areas on the plot, as a consequence of the reduced 
within-breed genetic variability [56]. In general, the 
MDS plot was consistent with the admixture analysis, 
in which some kind of hierarchical structuring was 
identified. The plot obtained by ADMIXTURE showed 
that at K = 8, some groups shared a substantial propor-
tion of their ancestry, such as the Sicilian (Cinisara, 
Modicana and Rossa Siciliana), the Podolian-derived 
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breeds and Northern and Northern-central Italian 
populations. This observation was also consistent with 
the TREEMIX results. It is worth mentioning that, on 
the one hand, the breeds that were the most homoge-
neous at the lower K values also displayed the lowest 
heterozygosity level, a phenomenon known as 
‘inbreeding bias’ [61]. On the other hand, for the 
breeds that, at the best K value (24), displayed less dis-
tinct clusters, there was no evidence for high levels of 
inbreeding due to their admixed origins, and this sug-
gests that crossbreeding with other breeds occurred. 
Therefore, our results are largely consistent with the 
breeding history of the Italian cattle breeds, given that 
some breeds are the result of crossbreeding. For exam-
ple, the Sardo-Modicana breed originated by crossing 
local Sarda cows with Modicana bulls [54] and the 
Sardo-Bruna breed by crossing local Sarda cows with 
Brown bulls. The genetic relationships between the 
Chianina and Calvana breeds are strongly supported 
by historical data and were previously investigated 
through AFLP (amplified fragment length polymor-
phism) [62] and microsatellite markers [63]. Some 
Sarda animals were mixed with Piedmontese, which 
reflects possible admixture. Similarly, Rossa Siciliana 
showed a high level of gene flow with Limousin. In 
fact, crossbreeding between local breeds and meat 
breeds is common practice, to improve meat produc-
tion but also for long-term breeding. Therefore, this 
practice explains the results on admixture between 
local and meat breeds. In addition, the genetic struc-
ture of the Agerolese breed was typical of a breed that 
showed admixture with other breeds, as confirmed by 
admixture events in Italian Holstein and Italian Brown, 
and in agreement with its genetic origins. It is indeed a 
dual-purpose breed, which originated during the 19th 
century from autochthonous cows crossed with Brown 
Swiss and Holstein–Friesian bulls [64]. However, the 
limited number of males (e.g. only 13 males in natural 
service in the 2002) [64] that were available in the 
breeding program could result in a limited  Ne size that 
can, in turn, lead to a strong impact of genetic drift. 
Our results also indicate that the genetic component 
of some commercial dairy breeds, such as the Italian 
Holstein, was relatively small in the Italian local 
breeds. In fact, the lowest FST values of the Italian Hol-
stein was with the Burlina breed (0.066). Moreover, as 
illustrated by the MDS and ADMIXTURE results, the 
Italian Holstein breed is genetically distant from the 
local breeds. Nonetheless, differentiation between 
some local breeds (Barà-Pustertaler, Sarda, and Sardo-
Bruna) and the commercial meat breeds (Limousin 
and Charolais) was very low (FST ~ 0.04), which sug-
gests, as mentioned above, that the use of these breeds 
could have affected their genetic background. Among 
all the local breeds, Mucca Pisana was highly differen-
tiated and presented only low levels of admixture with 
other breeds; this breed consistently demonstrated 
higher FST values with the other breeds analyzed. In a 
recent study on Russian cattle breeds, analogous 
results were reported for the Yakut cattle, which was 
the most divergent breed [12]. For both Yakut and 
Mucca Pisana breeds, it is not clear why they are so 
divergent. It may be due to a combination of a 
small  historical population size and a long history of 
isolation from other breeds. Our results also suggested 
that, compared to other breeds, the genome of the 
Mucca Pisana breed contains less genetic data from 
any other ancestral breed that it may have interacted 
with, which can be considered as a typical signal of 
inbreeding [65] and is consistent with the values of the 
genetic diversity indices. The long branch observed for 
this breed suggests that it is a differentiated and iso-
lated population with a small  Ne size. In fact, Mucca 
Pisana showed the smallest recent and past  Ne esti-
mates. In a study on sheep breeds, Kijas et  al. [66] 
found that short branches were associated mainly to 
highly heterozygous breeds, while long branches were 
associated to much less heterozygous breeds. The 
above evidence for the Mucca Pisana breed was also 
confirmed by the MDS, ADMIXTURE, TREEMIX and 
FST analyses, and can be explained by its demographic 
history since it was reared for a long time in a geo-
graphically separate valley (Valle del Serchio) [67]. 
Therefore, it is likely that this breed experienced 
reproductive isolation and reduced gene flow, and thus 
acquired a strong genetic identity. Since the Neighbor-
Network analysis takes gene flow among breeds into 
consideration (reticulation), it may provide a more 
likely reconstruction compared to linear representa-
tions [65]. Indeed the Neighbor-Network graph high-
lighted several clear clusters and relationships between 
breeds that originated from the same area, as shown in 
the MDS plot (Fig. 3). The sub-branches of the Neigh-
bor-Network graph were also in agreement with the 
results of the admixture, genetic relationship and 
genetic diversity analyses within breeds. In fact, the 
length of each sub-branch reflected the results of 
recent and past  Ne estimates. The reticulations 
towards the extremity of the networks also suggest 
increased genetic relatedness between breeds and 
therefore past hybridization events between these 
populations, and are consistent with several of the 
admixture events highlighted by TREEMIX between 
breeds and groups. Indeed, Neighbor-Net is a robust 
tool for reconstructing phylogenetic networks. There-
fore, the low pairwise Fst values, shared ancestry, 
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admixture events, and reticulations observed on the 
phylogenetic tree between some breeds, as well as 
between the Sicilian breeds, all suggest high levels of 
gene flow between these populations, and as well 
between some breeds originating from the same area. 
These results can be attributed to the fact that geo-
graphical proximity facilitates the gene flow, and that 
breeds from the same breeding area are more likely to 
have common ancestries.
Conclusions
Our study represents the first comprehensive analysis of 
the genomic diversity and population structure of Ital-
ian local cattle breeds. All the analyses revealed genetic 
relationships, gene flow and admixture events for sev-
eral Italian cattle breeds. However, although most of 
the breeds have experienced complex admixture events, 
several breeds have preserved distinctive characteristics 
and can be clearly discriminated, which is likely due to 
the effect of different remote and/or recent genetic and 
demographic factors. The population structure and the 
low genetic diversity presented here for several breeds 
represent useful information to guide conservation strat-
egies. Notably, mating plans can have an important role 
in restraining inbreeding and increasing the census size 
of these local breeds. Monitoring of inbreeding trends 
and improvement of the recording systems are strategic 
for in situ conservation of these breeds, and towards this 
aim, the availability of genomic data represents a fun-
damental resource. Moreover, these results highlighted 
the importance of using genomic information to reveal 
the genetic structure of each population and provide 
an objective basis for decisions regarding the conserva-
tion of the Italian local cattle breeds. When standardized 
genotyping arrays are adopted, it is possible to combine 
various datasets. Therefore, further studies are necessary 
to provide insights into the genetic composition and ori-
gin of Italian cattle breeds, such as the Podolian-derived 
breeds, using data of other worldwide cattle populations, 
and for the development of a SNP-based identification 
test for breed assignment and tracing animal products.
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